e strength of crumb rubber mortars can be improved by the addition of basalt fibers. However, limited studies have been conducted on basalt fiber crumb rubber mortars (BF-CRM), and the constitutive model is still very immature. In this paper, uniaxial compressive stress-strain curves are obtained for several groups of BF-CRM specimens with different contents. By comparison with the GZH model, modified GZH parameters that can be used in a BF-CRM constitutive model are obtained. en, taking the support scheme of the main substation of a mine as the background, FLAC3D is used to simulate the roadway support, BF-CRM replaces the ordinary mortars in the original support, and triaxial compression tests are performed at different confining pressures. In this way, the application of BF-CRM in roadway support is studied and analyzed.
Introduction
e addition of crumb rubber to engineering materials, such as cement mortar, not only improves the ductility, durability, and impact resistance of these materials but also promotes the reuse of waste rubber [1] [2] [3] [4] [5] . Basalt fiber is a kind of silicate fiber that is processed from volcanic rock ore and offers the advantages of high tensile strength, high temperature resistance, corrosion resistance, and stable chemical properties [6, 7] . Crumb rubber or basalt fibers are incorporated into traditional building materials to form new composite building materials that have been widely introduced into pavement engineering, protection engineering, high-speed railways, and underground space engineering [8, 9] .
In recent years, scholars worldwide have conducted many research studies on composite-material-based cement mortars. Yan et al. [10] studied the effect of adding rubber powder to fresh and hardened mortars. e results showed improvements in the workability of fresh mortar and in the deformability, early strength, and frost resistance of hardened mortar. Long et al. [11, 12] studied the mechanical properties of cement concrete containing waste rubber particles of different sizes. Richardson et al. [13, 14] used rubber crumb as an air-entraining admixture in concrete and carried out freeze-thaw tests, which showed that rubber crumb was effective in providing freeze/thaw protection. Yu and Zhu [2] found that the consistency and initial density of cement mortar decreased as the rubber particle size increased and the porosity of the mortar increased as the rubber particle size decreased. Di et al. [15] found a strong correlation between the damage threshold of CRC (crumb rubber concrete) and the amount of energy that was dissipated at the peak strength, where a CRC containing 25% rubber by mass exhibited the largest damage threshold in laboratory experiments and numerical simulations. Li and Xu [16] studied the effect of adding basalt fibers on the dynamic mechanical properties of concrete under impact loading. It was found that 0.1% basalt fibers was the optimum basalt fiber content for strengthening and toughening concrete. Barabanshchikov and Gutskalov [17] showed that the flexural stability of cement increased with the basalt fiber content and that there was an optimum fiber dose. Fenu et al. [18] conducted static and dynamic tests to study the effects of glass fiber and basalt fiber on the tensile strength, flexural strength, and energy absorption capacity of cement mortar. e results showed that both fibers increased the energy absorption capacity of cement mortar. Wang et al. [19] studied a CRC that was modified by adding steel fibers and nanosilica. e test results showed that the modified CRC with 1.0% steel fiber content had relatively high compressive and splitting tensile strengths. Santarelli et al. [20] studied the physical and mechanical properties and microstructures of three kinds of hydrated lime mortars with different compositions of basalt fibers. It was found that basalt fibers could delay cracking, improve compressive strength, and reduce the capillary water absorption coefficient of mortar. Song et al. [21] conducted triaxial compression tests under different confining pressures for crumb rubber with various rubber particle contents. According to Lemaitre's strain equivalence principle and the Weibull random distribution, a damage constitutive model for crumb rubber mortars with different rubber particle contents was established.
At present, a series of problems have arisen in the process of deep resource exploitation, among which the failure characteristics of deep high-stress soft rock roadways have become critical such that the effective support of soft rock roadways has attracted the attention of scholars worldwide [22] [23] [24] . In this paper, uniaxial and triaxial compression tests were performed on BF-CRM specimens with different contents of basalt fibers and rubber particles. e effects of the basalt fiber and rubber particle content on the compressive strength and compressibility of BF-CRM were studied. e stress-strain curves obtained by these tests were fit using the GZH model [25] to obtain recommended values for BF-CRM constitutive parameters. en, based on the tunnel support scheme of a mine main substation, using FLAC3D and combined with BF-CRM triaxial compression tests under 5 MPa and 8 MPa confining pressure, the application of BF-CRM in high-stress soft rock roadway support was studied and analyzed.
Experimental Study of the Physical Mechanics

Materials and Mixing
Ratio. e chemical composition and physical and mechanical properties of P.O. 42.5 cement produced in Jinan are shown in Table 1 . e physical and mechanical properties of short-cut basalt fibers produced by Anji in Zhejiang Province are shown in Table 2 . e river sand particles have a maximum size of 5 mm, with a continuous gradation, an apparent density of 2.6 g/cm 3 , a bulk density of 1440 kg/m 3 , a porosity of 45%, and a fineness modulus of 2.4. e rubber particles have a size of 6-8 mm and an apparent density of 1200 g/cm 3 . Before preparing the test specimens, the rubber particles were first immersed in a 10% NaOH solution for 30 minutes. en, the rubber particles were washed with fresh water until the pH of the solution was 7. e comparison of the particles before and after treatment is shown in Figure 1 . e additives mainly consist of water reducers and binders. e water reducer is the superplasticizer DC-WR1 with a water-reducing rate of 18%-25%. e binder used is the DC-W10 polyacrylate emulsion, which was added in the amount of 15% of the total rubber particles. e mixing ratio of basalt fiber to crumb rubber mortar is shown in Table 3 . e water-to-cement ratio is 0.35, and the sand-to-cement ratio is 1.5. e proportion of rubber particles used is 0%, 5%, 10%, 20%, and 30%, which are labeled as A, B, C, D, and E, respectively. Basalt particles are used in the proportions 0%, 0.4%, 0.8%, and 1.2%. For example, the label B-0.4% indicates a rubber particle content of 5% of the total mass of BF-CRM and a basalt fiber content of 0.4% of the total mass of BF-CRM.
Sample Preparation and Test
Methods. Twenty groups of BF-CRM specimens were designed in this experiment. Each group contains four specimens. ree specimens were used for the uniaxial compression test, one was reserved, and the size of the specimens is a φ50 mm × 100 mm cylinder. A total of 80 specimens were prepared. e specimens were molded and demolished after 24 h and then maintained in a standard environment for 28 days. en, an MTS rock servo test machine is used for the uniaxial and three-axis compression test. e process of specimen preparation and experimental operation is based on GB/T 50081-2002 for Standard Testing Methods of Mechanical Properties of Ordinary Concrete.
Results and Discussion.
e amount of compression for each group of BF-CRM specimens is determined by averaging the results of 3 tests in each group and is shown in Table 4 . Under uniaxial compression, at the same basalt fiber content, the compression of the mortar increases with the rubber particle content. When the rubber particle content is less than 20%, the compression increases more slowly, and when the rubber content is more than 20%, the compression increases more quickly. Increasing the basalt fiber content has a less clear effect than rubber particles on the compression of BF-CRM. e failure modes of each group of specimens following the uniaxial compression test are shown in Figure 2. For group A specimens without rubber particles, a few small cracks gradually appear in the middle of the specimens during the loading process and spalling phenomena become clearly visible on the specimen surface. After reaching the peak stress, cracks develop toward the upper and lower ends of the specimens, the width increases continuously, and the bearing capacity of the test block decreases rapidly. For groups A-D, the rate of crack growth gradually slows as the basalt fiber content is increased, and the addition of fiber delays the appearance and penetration of cracks. For group E, there are no obvious cracks during loading and the specimens maintain good integrity until the end of loading. e stress-strain curves of each group are obtained by averaging the results of 3 tests in each group and are shown in Figure 3 . By comparing the stress-strain curves with same basalt fiber content, it can be seen that the peak strength of the test block decreases gradually as the rubber particle content increases. For a rubber particle content of 30%, the peak strength of the specimen is only about approximately 1.5 MPa, and the compressive strength is extremely low.
After reaching the peak strength, the ductility of the specimens increases gradually; moreover, as the rubber particle content increases, the compaction stage of the tests increases significantly during the loading process. Increasing the fiber content shifts the entire experimental stress-strain curve upwards and increases the peak stress. A fiber content of 0.4% corresponds to the maximum increase in the peak stress of the test block. 
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Uniaxial Compression Constitutive Model
To analyze the mechanical properties of BF-CRM under uniaxial compression, the experimentally obtained stressstrain curves are evaluated and compared with the GZH model. e results are used to determine improved values for the BF-CRM constitutive parameters. e GZH model is a piecewise formula for describing the stress-strain curve of ordinary concrete under uniaxial compression that was developed by Guo Zhenhai using experimental test results and is given below:
where a and b are the parameters of the constitutive model; σ and ε are the stress and strain, respectively; and f c and ε c are the peak stress and peak strain, respectively.
Comparison of the Stress-Strain Curve with the GZH
Model. e experimental stress-strain curves of BF-CRM are compared with the GZH model, as shown in Figure 4 . In the rising section of the stress-strain curve, the GZH model is clearly different from the test curve. e GZH model clearly overestimates the bearing capacity of the test groups, except for A-0% and C-0%, and this overestimate depends on the amount of added rubber particles and basalt fiber. In the descending section of the test group curves, especially with increasing rubber particle content, the change of ductility of the test block can be clearly seen. However, the stress calculated using the GZH model is generally lower than the experimentally obtained stress and deviates from the experimentally obtained stress when the experimental peak strength is below 10 MPa. erefore, it is not appropriate to directly use the GZH model to analyze experimental results for BF-CRM specimens and predict their mechanical behavior.
Modification of BF-CRM Constitutive Model.
At present, the research on BF-CRM is inadequate, and the constitutive model for BF-CRM is relatively immature. Meanwhile, unlike for ordinary cement mortar, the behavior of BF-CRM depends on many factors, such as the rubber particle content, the particle size, and the basalt fiber content. Moreover, a limited number of BF-CRM samples have been studied, so it is not appropriate to present a formula to determine constitutive parameters based on the changes in the particle size, content, and other factors. erefore, the stress-strain test data are fit to the GZH model to obtain values for the constitutive parameters a and b to obtain a modified GZH model for BF-CRM. ese values are shown in Table 5 . e test stress-strain curves are compared with the modified GZH model curve, as shown in Figure 5 . e modified GZH model agrees well with the experimental curve, especially in the descending section of the curve, which reflects the ductility of BF-CRM. It is worth noting that the modified GZH model slightly overestimates the material strength in the compression stage of the stressstrain curve.
Numerical Simulation of BF-CRM in Roadway Support
In this paper, FLAC3D is used to simulate and analyze a roadway support using the geological conditions and support scheme of a mine main substation channel. e original supporting scheme of the roadway is as follows: after roadway excavation, bolts and U-shaped steel brackets are immediately installed in the surrounding rock and 400 mm ordinary mortar is irrigated above the floor surrounding rock. To explore the effect of using basalt fiber rubber granular mortar in soft rock roadway support engineering applications, the 400 mm ordinary mortar (plan A) in the original roadway support scheme is replaced by 200 mm basalt fiber in rubber granular mortar (plan B).
In the developing the model, the BF-CRM layer is based on the physical and mechanical parameters that are obtained from the B-0.4% group test, and the constitutive relationship was modified. e other model components are constructed according to the field support parameters to better compare and reflect the role of BF-CRM in the support structure.
Displacement Evolution Characteristics of a Roadway.
e vertical displacement of the roadway floor after excavation is shown in Figure 6 . Figure 6 (a) shows that plan A is used in the support after 6 m of roadway excavation. e maximum vertical displacement of the floor at y � 0 m is 437 mm, and the maximum displacement of the floor at y � 5 m is 400 mm. For the unexplored roadway, the vertical displacement is also changed at y � 10 m due to the influence of excavation and the maximum change is approximately 12 mm. Figure 6 (b) shows the support in which plan B is used. It can be seen that the maximum vertical displacement of the floor at y � 0 m, i.e., the location of the floor heave, is only 35 mm; at y � 5 m, the maximum displacement of the floor is 70 mm; and for the section of the unexplored roadway at y � 10 m, the vertical displacement also varies with a maximum change of approximately 6 mm under the influence of excavation.
After replacing the ordinary cement mortar with BF-CRM, the floor heave at y � 0 m is only 1/10th of its value in the original supporting scheme, and the floor heave at y � 6 m is also significantly reduced. e whole support structure reduces the floor heave deformation.
Stress Evolution Characteristics of a Roadway.
Under the two supporting schemes, the stress changes of surrounding rock after excavation are shown in Figure 7 . Improved-0% Improved-0.4% Improved-0.8% Improved-1. C-0% C-0.4% C-0.8% C-1.2% Improved-0% Improved-0.4% Improved-0.8% Improved-1.2% Advances in Civil Engineering Figure 7 (a) shows the use of plan A to support the roadway after a 6 m excavation. At y � 0 m, the maximum principal stress around the roadway gradually recovers from 2.5 MPa to 22.11 MPa as the distance increases. At y � 5 m, the maximum principal stress gradually recovers from 2.5 MPa to 22.08 MPa, which is the same as that at y � 0 m, showing that the maximum principal stress around the roadway is the same as that over the excavation range. For the section of the untapped roadway, the maximum principal stress at y � 10 m is also affected and varies similarly to the maximum principal stress at y � 0 m and y � 5 m. Plane: on Contour of Z-Displacement -3.6242e -001 to -3.0000e -001 -3.0000e -001 to -2.0000e -001 -2.0000e -001 to -1.0000e -001 -1.0000e -001 to 0.0000e + 000 0.0000e + 000 to 1.0000e -001 1.0000e -001 to 2.0000e -001 2.0000e -001 to 3.0000e -001 3.0000e -001 to 4.0000e -001 4.0000e -001 to 4.3741e -001 y = 5m Magfac = 0.000e + 000 Interval = 1.0e -001
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Plane: on
Contour of Z-Displacement -3.8522e -001 to -3.0000e -001 -3.0000e -001 to -2.0000e -001 -2.0000e -001 to -1.0000e -001 -1.0000e -001 to 0.0000e + 000 0.0000e + 000 to 1.0000e -001 1.0000e -001 to 2.0000e -001 2.0000e -001 to 3.0000e -001 3.0000e -001 to 3.3968e -001 y = 10m Magfac = 0.000e + 000 Interval = 2.5e -003
Contour of Z-Displacement -2.5442e -002 to -2.5000e -002 -2.5000e -002 to -2.2500e -002 -2.2500e -002 to -2.0000e -002 -2.0000e -002 to -1.7500e -002 -1.7500e -002 to -1.5000e -002 -1.5000e -002 to -1.2500e -002 -1.2500e -002 to -1.0000e -002 -1.0000e -002 to -7.5000e -003 -7.5000e -003 to -5.0000e -003 -5.0000e -003 to -2.5000e -003 -2.5000e -003 to 0.0000e + 000 0.0000e + 000 to 0.0000e + 000 (a) y = 0m -1.7663e -002 to -1.5000e -002 Magfac = 0.000e + 000 Interval = 5.0e -003
Contour of Z-Displacement -1.5000e -002 to -1.0000e -002 -1.0000e -002 to -5.0000e -003 -5.0000e -003 to 0.0000e + 000 0.0000e + 000 to 5.0000e -003 1.0000e -002 to 1.5000e -002 5.0000e -003 to 1.0000e -002 1.5000e -002 to 2.0000e -002 2.0000e -002 to 2.5000e -002 2.5000e -002 to 3.0000e -002 3.0000e -002 to 3.5000e -002 3.5000e -002 to 3.9273e -002 y = 5m Magfac = 0.000e + 000 Interval = 1.0e -002
Contour of Z-Displacement -2.0780e -002 to -2.0000e -002 -2.0000e -002 to -1.0000e -002 -1.0000e -002 to 0.0000e + 000 0.0000e + 000 to 1.0000e -002 1.0000e -002 to 2.0000e -002 3.0000e -002 to 4.0000e -002 2.0000e -002 to 3.0000e -002 4.0000e -002 to 5.0000e -002 5.0000e -002 to 6.0000e -002 6.0000e -002 to 7.0000e -002 7.0000e -002 to 7.3763e -002 y = 10 m Magfac = 0.000e + 000 Interval = 1.0e -003
Contour of Z-Displacement -6.6396e -003 to -6.0000e -003 -6.0000e -003 to -5.0000e -003 -5.0000e -003 to -4.0000e -003 -4.0000e -003 to -3.0000e -003 -3.0000e -003 to -2.0000e -003 -2.0000e -003 to -1.0000e -003 -1.0000e -003 to 0.0000e + 000 0.0000e + 000 to 1.0000e -003 1.0000e -003 to 1.1882e -003 e maximum principal stress around the roadway is the same as that over the excavation range. Plans A and B exhibit the same variation in the principal stress, but plan B has a smaller effect on the principal stress. e BF-CRM layer could effectively reduce the influence of excavation on effective stress.
Damage Characteristics and Surrounding Rock Analysis.
e failure characteristics of roadways are mainly determined by analyzing the range over which the plastic zone extends in the surrounding rock during excavation. Figure 8 shows the range over which the plastic zone varies after stress stabilization of the surrounding rock after excavation. Figure 8 shows that when plan A is used, the radius of the plastic zone at the floor is approximately 3 m, and the shear stress is the dominant stress in this region. In the middle section of the excavation roadway, the plastic zone is distributed similarly to that in the first excavation section. e difference between the two areas is that the tensile stress in the middle section occurs at y � 6 m. e top rock stratum at y � 10 m ahead of the excavation is affected by excavation, but there is no complete plastic zone. Figure 8(b) shows the distribution of the plastic zone in the surrounding rock for plan B. e radius of the plastic zone at the floor is approximately 1.5 m, which is only 1/2 of that for plan A. e addition of BF-CRM effectively reduces the range of the plastic zone. However, in the untapped area where y � 10 m, there is a small plastic zone that is affected by excavation.
Mechanism Analysis of the Two Support Schemes.
Triaxial compression tests are carried out on common cement mortar (CM) and BF-CRM specimens with B-0.4% under confining pressures of 5 MPa and 8 MPa, respectively, where both types of specimens are made with the same water-cement ratio. e stress-strain curves for the BF-CRM and CM specimens under different confining pressures are shown in Figure 9 . e entire stress-strain curve for the BF-CRM specimens lies above that of the CM specimens, and the strain energy of BF-CRM is clearly higher than that of CM for the same confining pressure; that is, the same volume of BF-CRM can absorb more deformation energy than CM, and this difference becomes more significant as the confining pressure increases.
Plan B is superior to plan A in controlling the displacement and deformation of the floor, in reducing the stress concentration around the surrounding rock, and in reducing the range of the plastic zone. e main reason for the aforementioned differences is that BF-CRM has a higher compressibility than CM. In the enclosed space between the common CM layer and the surrounding rock, the deformation of the surrounding rock squeezes the BF-CRM layer. However, the large compressibility of BF-CRM enables it to gradually absorb the energy released by the confining pressure deformation, along with the surrounding rock, thus playing the role of an energy absorbing buffer. Common CM belongs to the class of rigid support materials and has a poor compressibility. Common CM fails even for small deformations of the surrounding rock.
Conclusions
(1) e stress-strain curves of BF-CRM specimens are obtained experimentally. With the increase in rubber particle content, the peak stress for the BF-CRM specimens decreases gradually. e uniaxial compressive strength of BF-CRM can be effectively improved by adding basalt fibers, and its peak strength can be significantly increased by adding 0.4% basalt fibers. Rubber particles can improve the compressibility of cement mortar, whereas basalt fibers have no significant effect on the compressibility of cement mortar, but they can effectively slow the expansion of BF-CRM cracks.
(2) e experimentally obtained results differ greatly from the predicted values of the GZH model. For stresses below the peak stress, the GZH model overestimates the load-carrying capacity; for stresses greater than the peak stress, the GZH model clearly underestimates the ductility of BF-CRM; and for materials with peak stresses less than 10 MPa, the GZH prediction deviates completely from the experimental stress-strain curve. us, the GZH model is not suitable for obtaining a constitutive equation for BF-CRM. e experimental stress-strain curve is fit with the GZH model to obtain revised values for the constitutive parameters of the GZH model. e revised GZH model is in good agreement with the experimental stress-strain curve and can be used as a reference model for the analysis and design of BF-CRM. (3) e tunnel support scheme of a mine main substation is considered as the background, and FLAC3D is used to simulate the roadway support. e original support scheme is changed from a 400 mm-sized ordinary CM layer that is poured on the floor to a 200 mm-sized BF-CRM layer that is poured first followed by a 200 mm-sized poured ordinary CM layer. Combined with triaxial compression tests at 5 MPa and 8 MPa confining pressures, the analysis shows that the BF-CRM layer acts as a cushion that absorbs the energy that is released in the original support scheme. In a soft rock roadway support, BF-CRM can effectively control the displacement and deformation of the floor, reducing the stress concentration in the surrounding rock and reducing the range over which the plastic zone extends.
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